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1
LADDER ANNEALING PROCESS FOR
INCREASING POLYSILICON GRAIN SIZE
IN SEMICONDUCTOR DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is continuation of International Applica-
tion No. PCT/CN2021/083492, filed on Mar. 29, 2021,
entitted “LADDER ANNEALING PROCESS FOR
INCREASING POLYSILICON GRAIN SIZE IN SEMI-
CONDUCTOR DEVICE,” which is hereby incorporated by
reference in its entirety.

BACKGROUND

The present disclosure relates to semiconductor fabrica-
tion and semiconductor device formed thereof.

Planar semiconductor devices, such as memory cells, are
scaled to smaller sizes by improving process technology,
circuit design, programming algorithm, and fabrication pro-
cess. However, as feature sizes of the semiconductor devices
approach a lower limit, planar process and fabrication tech-
niques become challenging and costly. A 3D semiconductor
device architecture can address the density limitation in
some planar semiconductor devices, for example, Flash
memory devices.

A 3D semiconductor device can be formed by stacking
semiconductor wafers or dies and interconnecting them
vertically so that the resulting structure acts as a single
device to achieve performance improvements at reduced
power and a smaller footprint than conventional planar
processes. Among the various techniques for stacking semi-
conductor substrates, bonding, such as hybrid bonding, is
recognized as one of the promising techniques because of its
capability of forming high-density interconnects.

SUMMARY

Structures and methods for forming semiconductor fab-
rication and semiconductor device formed thereof are dis-
closed herein.

In one aspect, a memory device includes a memory stack
having interleaved a plurality of conductive layers and a
plurality of insulating layers on a substrate, and a channel
structure extending vertically in the memory stack. The
channel structure includes a semiconductor channel extend-
ing vertically in the memory stack and conductively con-
nected to a source structure. The semiconductor channel
includes polysilicon, and a grain size of the polysilicon
ranges from 100 nm to 600 nm.

In another aspect, a method for forming a channel struc-
ture in a memory device includes forming a stack structure
having interleaved a plurality of first stack layers and a
plurality of second stack layers over a substrate, forming a
channel hole extending vertically in the stack structure, and
depositing a semiconductor material layer over an inner
surface of the channel hole. The semiconductor material
layer includes an amorphous material. The method further
includes converting the semiconductor material layer to a
semiconductor layer. The semiconductor layer has a
polycrystalline material. A conversion process includes a
plurality of phases, and the phases include a first phase
performed at a nucleation temperature of the amorphous
material for a first period of time, and a second phase
performed at a growth temperature of the polycrystalline
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material for a second period of time, the first and second
periods of time each being greater than zero.

In still another aspect, a method for forming polycrystal-
line layer in a semiconductor device includes depositing an
amorphous material on a surface, and converting the amor-
phous material to a polycrystalline material. A conversion
process includes a plurality of phases, and the phases include
a first phase performed at a nucleation temperature of the
amorphous material for a first period of time, and a second
phase performed at a growth temperature of the polycrys-
talline material for a second period of time, the first and
second periods of time each being greater than zero.

In yet another aspect, a semiconductor manufacturing
device includes a reaction chamber, a substrate holder
located in the reaction chamber to hold a substrate, and a
heater in the reaction chamber to control a plurality of
process temperatures. The semiconductor manufacturing
device also includes a gas source connected to the reaction
chamber through a gasline, and the gas source has at least
hydrogen gas. The reaction chamber and the heater are
configured to perform a thermal treatment on the substrate to
convert an amorphous material to a polycrystalline material.
The plurality of process temperatures include a first tem-
perature at a nucleation temperature of the amorphous
material and a second temperature at a growth temperature
of the polycrystalline material.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated
herein and form a part of the specification, illustrate aspects
of the present disclosure and, together with the description,
further serve to explain the present disclosure and to enable
a person skilled in the pertinent art to make and use the
present disclosure.

FIG. 1 illustrates a cross-section of an exemplary 3D
memory device, according to some aspects of the present
disclosure.

FIGS. 2A-2D illustrate cross-sections of an exemplary 3D
memory device at different stages of a manufacturing pro-
cess, according to some aspects of the present disclosure.

FIG. 3 illustrates a flowchart of an exemplary method for
forming a 3D memory device, according to some aspects of
the present disclosure.

FIG. 4 illustrates a flowchart of an exemplary method for
an annealing process, according to some aspects of the
present disclosure.

FIG. 5 illustrates chamber temperature as a function of
time in an annealing process, according to some aspects of
the present disclosure.

FIG. 6 A illustrates an electron microscope image showing
a grain size of a semiconductor channel formed by an
annealing process, according to some aspects of the present
disclosure.

FIG. 6B illustrates an electron microscope image showing
a grain size of a semiconductor channel formed by an
annealing process.

FIG. 7 illustrates an exemplary semiconductor manufac-
turing device, according to some aspects of the present
disclosure.

The present disclosure will be described with reference to
the accompanying drawings.

DETAILED DESCRIPTION

Although specific configurations and arrangements are
discussed, it should be understood that this is done for
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illustrative purposes only. As such, other configurations and
arrangements can be used without departing from the scope
of the present disclosure. Also, the present disclosure can
also be employed in a variety of other applications. Func-
tional and structural features as described in the present
disclosures can be combined, adjusted, and modified with
one another and in ways not specifically depicted in the
drawings, such that these combinations, adjustments, and
modifications are within the scope of the present discloses.

In general, terminology may be understood at least in part
from usage in context. For example, the term “one or more”
as used herein, depending at least in part upon context, may
be used to describe any feature, structure, or characteristic in
a singular sense or may be used to describe combinations of
features, structures or characteristics in a plural sense.
Similarly, terms, such as “a,” “an,” or “the,” again, may be
understood to convey a singular usage or to convey a plural
usage, depending at least in part upon context. In addition,
the term “based on” may be understood as not necessarily
intended to convey an exclusive set of factors and may,
instead, allow for existence of additional factors not neces-
sarily expressly described, again, depending at least in part
on context.

It should be readily understood that the meaning of “on,”
“above,” and “over” in the present disclosure should be
interpreted in the broadest manner such that “on” not only
means “directly on” something but also includes the mean-
ing of “on” something with an intermediate feature or a layer
therebetween, and that “above” or “over” not only means the
meaning of “above” or “over” something but can also
include the meaning it is “above” or “over” something with
no intermediate feature or layer therebetween (i.e., directly
on something).

Further, spatially relative terms, such as “beneath,”
“below,” “lower,” “above,” “upper,” and the like, may be
used herein for ease of description to describe one element
or feature’s relationship to another element(s) or feature(s)
as illustrated in the figures. The spatially relative terms are
intended to encompass different orientations of the device in
use or operation in addition to the orientation depicted in the
figures. The apparatus may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein may likewise be interpreted accord-
ingly.

As used herein, the term “layer” refers to a material
portion including a region with a thickness. A layer can
extend over the entirety of an underlying or overlying
structure or may have an extent less than the extent of an
underlying or overlying structure. Further, a layer can be a
region of a homogeneous or inhomogeneous continuous
structure that has a thickness less than the thickness of the
continuous structure. For example, a layer can be located
between any pair of horizontal planes between, or at, a top
surface and a bottom surface of the continuous structure. A
layer can extend horizontally, vertically, and/or along a
tapered surface. A substrate can be a layer, can include one
or more layers therein, and/or can have one or more layer
thereupon, thereabove, and/or therebelow. A layer can
include multiple layers. For example, an interconnect layer
can include one or more conductor and contact layers (in
which interconnect lines and/or via contacts are formed) and
one or more dielectric layers.

As used herein, the term “substrate” refers to a material
onto which subsequent material layers are added. The sub-
strate itself can be patterned. Materials added on top of the
substrate can be patterned or can remain unpatterned. Fur-
thermore, the substrate can include a wide array of semi-
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conductor materials, such as silicon, germanium, gallium
arsenide, indium phosphide, etc. Alternatively, the substrate
can be made from an electrically non-conductive material,
such as a glass, a plastic, or a sapphire wafer.

As used herein, the term “3D memory device” refers to a
semiconductor device with vertically oriented strings of
memory cell transistors (referred to herein as “memory
strings,” such as NAND memory strings) on a laterally-
oriented substrate so that the memory strings extend in the
vertical direction with respect to the substrate. As used
herein, the term “vertical/vertically” means nominally per-
pendicular to the lateral surface of a substrate.

As used herein, the term “at a temperature” refers to being
in a reasonable vicinity of a specific temperature. For
example, “at temperature X refers to being in +5%, £10%,
or £15% of temperature X.

3D memory devices include memory cells formed by the
intersections of gate conductive layers and memory strings.
In 3D memory devices, electrons and holes are transported
in semiconductor channels between the drain and the source
of a memory string for the operation, e.g., read, program,
and erase, of the 3D memory device. The semiconductor
channel often includes a layer of semiconductor material,
such as polysilicon, which becomes conductive when
biased. The performance/functioning of the semiconductor
channel is often impacted by the crystalline properties and
quality of the semiconductor material. For example, the
thickness uniformity and the grain size of the semiconductor
channel can have an impact on carrier mobility. As the stacks
of the 3D memory devices become higher because of the
demand for higher storage capacity, semiconductor channels
are formed in channel holes having greater depths. It can be
more difficult to form a semiconductor channel with desir-
ably uniform thickness and grain size using current tech-
niques.

The current fabrication process to form the semiconductor
channel includes the deposition of a layer of amorphous
silicon in the channel hole, and converting the layer of
amorphous silicon to a layer of polycrystalline silicon, i.e.,
polysilicon. The conversion process often includes an
annealing process in which the chamber temperature is
increased to a temperature higher than the nucleation tem-
perature of the amorphous silicon, and maintained at the
temperature for a period of time. That is, the chamber
temperature is maintained constant above the nucleation
temperature of the amorphous silicon during the annealing
process. Under the same chamber temperature, the amor-
phous silicon can nucleate, and the nuclei can grow to form
a polycrystalline material, which is the polysilicon. Because
the nucleation and growth take place under the same tem-
perature, the two processes may interfere with each other.
Consequentially, the polysilicon formed by this process
often has a grain size ranging from 100 nm to 300 nm.
Because grain size is often proportionally associated with
electron mobility, e.g., a greater grain size results in a higher
carrier mobility, and vice versa, the grain size formed from
the current annealing process can only result in a device
speed that can satisfy 3D memory devices with few levels
(e.g., 128 levels or below). However, for 3D memory
devices of increased heights, e.g., 3D memory devices of
192 or more levels, the current grain size is too small to
provide a desirable carrier mobility/device speed. To
increase the carrier mobility of 3D memory devices of
increased levels, the grain size of the semiconductor channel
needs to be increased.

Various implementations in accordance with the present
disclosure provide structures and methods for forming 3D
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memory devices having a semiconductor channel with
increased grain size. In an example, the grain size of the
semiconductor channel ranges from 100 nm to 600 nm. A
“ladder annealing process” can be used to modulate the
chamber/annealing temperature to form the semiconductor
channel with the increased grain size. The ladder annealing
process has a plurality of phases, which includes at least a
first phase at the nucleation temperature of the amorphous
silicon for a respective period of time, and a second phase
at a growth temperature of the polysilicon for a respective
period of time. The second phase is performed after the first
phase, and the growth temperature is higher than the nucle-
ation temperature. In the first phase, the chamber tempera-
ture is maintained at the nucleation temperature to allow the
nuclei to form and stabilize. In the second phase, the
chamber temperature is maintained at a growth temperature
to allow the nuclei to grow at a desirably high speed.
Compared with the current annealing process, in which the
same temperature higher than the nucleation temperature is
maintained for both nucleation and growth, the provided
method employs at least two phases to separate the nucle-
ation process and the growth process. The nucleation and
growth can each be more efficient, allowing increased grain
size to be formed. In some implementations, depending on
the fabrication process, one or more phases can be per-
formed before the first phase and/or after the second phase
to optimize the film quality and maximize grain size. In
some implementations, phases with temperatures higher
than those in the current fabrication method are employed in
the annealing process, and the total annealing time needed
for the crystallization can be reduced. Production costs can
be reduced accordingly.

FIG. 1 illustrates a cross-section of an exemplary 3D
memory device 100, according to some aspects of the
present disclosure. 3D memory device 100 can include a
substrate 102, which can include silicon (e.g., single crys-
talline silicon), silicon germanium (SiGe), gallium arsenide
(GaAs), germanium (Ge), silicon on insulator (SOI), ger-
manium on insulator (GOI), or any other suitable materials.
In some implementations, substrate 102 is a thinned sub-
strate (e.g., a semiconductor layer), which was thinned by
grinding, etching, chemical mechanical polishing (CMP), or
any combination thereof. It is noted that x and y axes are
included in FIG. 1 to further illustrate the spatial relationship
of'the components in 3D memory device 100. Substrate 102
of' 3D memory device 100 includes two lateral surfaces (e.g.,
a top surface and a bottom surface) extending laterally in the
x-direction (i.e., the lateral direction). As used herein,
whether one component (e.g., a layer or a device) is “on,”
“above,” or “below” another component (e.g., a layer or a
device) of a 3D memory device (e.g., 3D memory device
100) is determined relative to the substrate of the 3D
memory device (e.g., substrate 202) in the y-direction (i.e.,
the vertical direction) when the substrate is positioned in the
lowest plane of the 3D memory device in the y-direction.
The same notion for describing spatial relationships is
applied throughout the present disclosure.

3D memory device 100 can be part of a monolithic 3D
memory device. The term “monolithic” means that the
components (e.g., the peripheral device and memory array
device) of the 3D memory device are formed on a single
substrate. For monolithic 3D memory devices, the fabrica-
tion encounters additional restrictions due to the convolution
of the peripheral device processing and the memory array
device processing. For example, the fabrication of the
memory array device (e.g., NAND memory strings) is
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constrained by the thermal budget associated with the
peripheral devices that have been formed or to be formed on
the same substrate.

Alternatively, 3D memory device 100 can be part of a
non-monolithic 3D memory device, in which components
(e.g., the peripheral device and memory array device) can be
formed separately on different substrates and then bonded,
for example, in a face-to-face manner. In some implemen-
tations, the memory array device substrate (e.g., substrate
102) remains as the substrate of the bonded non-monolithic
3D memory device, and the peripheral device (e.g., includ-
ing any suitable digital, analog, and/or mixed-signal periph-
eral circuits used for facilitating the operation of 3D memory
device 100, such as page buffers, decoders, and latches; not
shown) is flipped and faces down toward the memory array
device (e.g., NAND memory strings) for hybrid bonding. It
is understood that in some implementations, the memory
array device substrate (e.g., substrate 102) is flipped and
faces down toward the peripheral device (not shown) for
hybrid bonding, so that in the bonded non-monolithic 3D
memory device, the memory array device is above the
peripheral device. The memory array device substrate (e.g.,
substrate 102) can be a thinned substrate (which is not the
substrate of the bonded non-monolithic 3D memory device),
and the back-end-of-line (BEOL) interconnects of the non-
monolithic 3D memory device can be formed on the back-
side of the thinned memory array device substrate.

In some implementations, 3D memory device 100 is a
NAND Flash memory device in which memory cells are
provided in the form of an array of NAND memory strings
110 each extending vertically above substrate 102. The
memory array device can include NAND memory strings
110 that extend through a plurality of pairs each including a
conductive layer 106 and a dielectric layer 108 (referred to
herein as “conductive/dielectric layer pairs”). The stacked
conductive/dielectric layer pairs are also referred to herein
as a “memory stack” 104. In some implementations, a pad
oxide layer (not shown) is formed between substrate 102 and
memory stack 104. The number of the conductive/dielectric
layer pairs in memory stack 104 determines the number of
memory cells in 3D memory device 100. Memory stack 104
can include interleaved conductive layers 106 and dielectric
layers 108. Conductive layers 106 and dielectric layers 108
in memory stack 104 can alternate in the vertical direction.
Conductive layers 106 can include conductive materials
including, but not limited to, tungsten (W), cobalt (Co),
copper (Cu), aluminum (Al), polysilicon, doped silicon,
silicides, or any combination thereof. Dielectric layers 108
can include dielectric materials including, but not limited to,
silicon oxide, silicon nitride, silicon oxynitride, or any
combination thereof.

As shown in FIG. 1, NAND memory string 110 can
include a channel structure 114 extending vertically through
memory stack 104. Channel structure 114 can include a
channel hole filled with semiconductor materials (e.g., as a
semiconductor channel 116) and dielectric materials (e.g., as
a memory film 118). In some implementations, memory film
118 is a composite layer including a tunneling layer, a
storage layer (also known as a “charge trap layer”), and a
blocking layer. The remaining space of channel structure 114
can be partially or fully filled with a filling layer 120
including dielectric materials, such as silicon oxide. Channel
structure 114 can have a cylinder shape (e.g., a pillar shape).
Filling layer 120, semiconductor channel 116, the tunneling
layer, the storage layer, and the blocking layer are arranged
radially from the center toward the outer surface of the pillar
in this order, according to some implementations. The
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tunneling layer can include silicon oxide, silicon oxynitride,
or any combination thereof. The storage layer can include
silicon nitride, silicon oxynitride, silicon, or any combina-
tion thereof. The blocking layer can include silicon oxide,
silicon oxynitride, high dielectric constant (high-k) dielec-
trics, or any combination thereof. In one example, memory
film 118 can include a composite layer of silicon oxide/
silicon oxynitride (or silicon nitride)/silicon oxide (ONO).

Semiconductor channel 116 may include a layer of semi-
conductor layer, which becomes conductive when biased.
Electrons and holes can be transported vertically in semi-
conductor channel 116. In some implementations, semicon-
ductor channel 116 includes undoped polycrystalline silicon,
i.e., undoped polysilicon. The grain size of the undoped
polysilicon can range from 100 nm to 600 nm (e.g., 100 nm,
150 nm, 200 nm, 250 nm, 300 nm, 350 nm, 400 nm, 450 nm,
500 nm, 550 nm, 600 nm, or any other suitable values). In
some implementations, the grain size of the undoped poly-
silicon can reach up to 800 nm (e.g., 650 nm, 700 nm, 750
nm, 800 nm, or any other suitable values). The increased
grain size of the undoped polysilicon, compared to the
semiconductor channel formed by the current fabrication
process, can effectively increase the carrier mobility, and
thus the device speed, of 3D memory device 100, providing
desirable device speed for 3D memory devices with
increased levels (e.g., conductive/dielectric layer pairs).

In some implementations, semiconductor channel 116
includes an inner layer and an outer layer (not shown) in
contact with the inner layer. The inner layer and the outer
layer may each include undoped polysilicon. The inner layer
may be closer to the center of channel structure 114 while
the outer layer may be further away from the center of
channel structure 114. The inner layer may have a first grain
size, and the outer layer may have a second grain size. The
first grain size may be smaller than the second grain size. In
some implementations, the first grain size ranges from 100
nm to 500 nm (e.g., 100 nm, 150 nm, 200 nm, 250 nm, 300
nm, 350 nm, 400 nm, 450 nm, 500 nm, or any other suitable
values). In some implementations, the second grain size
ranges from 300 nm to 800 nm (e.g., 300 nm, 350 nm, 400
nm, 450 nm, 500 nm, 550 nm, 600 nm, 650 nm, 700 nm, 750
nm, 800 nm, or any other suitable values).

In some implementations, conductive layer 106 (each
being part of a word line) in memory stack 104 functions as
a gate conductor of memory cells in NAND memory string
110. Conductive layer 106 can include multiple control gates
of multiple NAND memory cells and can extend laterally as
a word line ending at the edge of memory stack 104 (e.g., in
a staircase structure of memory stack 104). In some imple-
mentations, memory cell transistors in NAND memory
string 110 include gate conductors (i.e., parts of conductive
layers 106 that abut channel structure 114) made from
tungsten, adhesion layers (not shown) including titanium/
titanium nitride (Ti/TiN) or tantalum/tantalum nitride (Ta/
TaN), gate dielectric layers (not shown) made from high-k
dielectric materials, and channel structure 214 including
polysilicon.

In some implementations, NAND memory string 110
further includes a semiconductor plug 112 in a lower portion
(e.g., at the lower end) of NAND memory string 110 below
channel structure 114. As used herein, the “upper end” of a
component (e.g., NAND memory string 110) is the end
farther away from substrate 102 in they-direction, and the
“lower end” of the component (e.g., NAND memory string
110) is the end closer to substrate 102 in they-direction when
substrate 102 is positioned in the lowest plane of 3D
memory device 100. Semiconductor plug 112 can include a
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semiconductor material, such as silicon, which is epitaxially
grown from substrate 102 in any suitable directions. It is
understood that in some implementations, semiconductor
plug 112 includes single crystalline silicon, the same mate-
rial as substrate 102. In other words, semiconductor plug 112
can include an epitaxially-grown semiconductor layer that is
the same as the material of substrate 102. In some imple-
mentations, semiconductor plug 112 can be deposited. In
some implementations, part of semiconductor plug 112 is
above the top surface of substrate 102 and in contact with
semiconductor channel 116. Semiconductor plug 112 can
function as a channel controlled by a source select gate of
NAND memory string 110, and is conductively connected to
the source structure of NAND memory string 110. It is
understood that in some implementations, 3D memory
device 100 does not include semiconductor plug 112.

In some implementations, NAND memory string 110
further includes a channel plug 122 in an upper portion (e.g.,
at the upper end) of NAND memory string 110. Channel
plug 122 can be in contact with the upper end of semicon-
ductor channel 116. Channel plug 122 can include semicon-
ductor materials (e.g., polysilicon). By covering the upper
end of channel structure 114 during the fabrication of 3D
memory device 100, channel plug 122 can function as an
etch stop layer to prevent etching of dielectrics filled in
channel structure 114, such as silicon oxide and silicon
nitride. In some implementations, channel plug 122 also
functions as the drain of NAND memory string 110. It is
understood that in some implementations, 3D memory
device 100 does not include channel plug 122.

FIGS. 2A-2D illustrate cross-sections of an exemplary 3D
memory device 200 at different stages of a manufacturing
process, according to some aspects of the present disclosure.
3D memory device 200 may be an example of 3D memory
device 100. FIG. 3 illustrates a flowchart of an exemplary
method 300 for forming 3D memory device 200, according
to some aspects of the present disclosure. FIG. 4 illustrates
a flowchart of an exemplary method 400 for performing an
annealing process in method 300, according to some aspects
of the present disclosure. FIG. 5 illustrates different phases
in the annealing process, according to some implementa-
tions. For the purpose of better explaining the present
disclosure, FIGS. 2A-2D, 3, 4, and 5 will be described
together. It is understood that the operations shown in
methods 300 and 400 are not exhaustive and that other
operations can be performed as well before, after, or
between any of the illustrated operations. Further, some of
the operations may be performed simultaneously, or in a
different order than shown in FIGS. 2A-2D, 3, 4, and 5.

As shown in FIG. 3, method 300 starts from operation
302, in which a stack structure having interleaved a plurality
of first stack layers and a plurality of second stack layers are
formed on a substrate. FIG. 2A illustrates a corresponding
structure.

As shown in FIG. 2A, a stack structure 204 is formed on
a substrate 202. Stack structure 204 includes a plurality of
interleaved first stack layers 208 and second stack layers
206. Substrate 202 may be a silicon substrate, and first stack
layers 208 and second stack layers 206 may be alternatively
deposited on substrate 202 to form stack structure 204. In
some implementations, stack structure 204 is a dielectric
stack, each first stack layer 208 is a first dielectric layer, and
each second stack layer 206 is a second dielectric layer
different from the first dielectric layer (ak.a. sacrificial
layer). In some implementations, each first stack layer 208
may include a layer of silicon oxide, and each second stack
layer 206 may include a layer of silicon nitride. Stack
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structure 204 may be formed by one or more thin film
deposition processes including, but not limited to, chemical
vapor deposition (CVD), physical vapor deposition (PVD),
atomic layer deposition (ALD), or any combination thereof.
In some implementations, a pad oxide layer (not shown) is
formed between substrate 202 and stack structure 204 by
depositing dielectric materials, such as silicon oxide, on
substrate 202. In some implementations, each first stack
layer 208 is a dielectric layer, such as a silicon oxide layer
or silicon nitride layer; and each second stack layer 206 is a
conductive layer, such as a doped polysilicon layer.

Referring back to FIG. 3, method 300 proceeds to opera-
tion 304, in which a channel hole is formed extending in the
stack structure. FIG. 2B illustrates a corresponding struc-
ture.

As shown in FIG. 2B, an opening 224 is formed in stack
structure 204. Opening 224 extends vertically through the
interleaved first stack layers 208 and second stack layers
206. Opening 224 is etched through interleaved first stack
layers 208 and second stack layers 206 and forms a channel
hole for a channel structure of 3D memory device 200. In
some implementations, a plurality of openings are formed
through stack structure 204 such that each opening becomes
the location for growing an individual NAND memory
string in the latter process. In some implementations, fab-
rication processes for forming opening 224 may include wet
etching and/or dry etching, such as DRIE. In some imple-
mentations, opening 224 may extend further into the top
portion of substrate 202. In some implementations, opening
224 may be in contact with a doping region in substrate 202
that is conductively connected to the source structure of 3D
memory device 200.

Referring back to FIG. 3, method 300 proceeds to opera-
tion 306, in which a memory film is deposited over the inner
surface of the channel hole, and an amorphous semiconduc-
tor layer is deposited over the memory film. FIG. 2C
illustrates a corresponding structure.

As shown in FIG. 2C, a memory film 218 is deposited
over the inner surface of opening 224 (e.g., the channel
hole), and a layer of an amorphous semiconductor layer 215
is deposited over memory film 218. The amorphous semi-
conductor layer 215 may include a layer of amorphous
semiconductor material that can be converted to a polycrys-
talline material, which can function as the semiconductor
channel of 3D memory device 200. In some implementa-
tions, memory film 218 includes a blocking layer on the
inner surface of opening 224, a storage layer on the block
layer, and a tunneling layer on the storage layer. The
deposition of memory film 218 and amorphous semicon-
ductor layer 215 may include CVD, PVD, and/or ALD. In
some implementations, amorphous semiconductor layer 215
includes amorphous silicon and is deposited at a low tem-
perature, e.g., between 450 and 500 degrees Celsius. In some
implementations, the amorphous silicon is deposited at 470
degrees Celsius. Optionally, a semiconductor plug 212 is
formed by epitaxial growth or deposition (e.g., CVD, PVD,
and/or ALD) prior to the deposition of memory film 218 and
amorphous semiconductor layer 215.

Referring back to FIG. 3, method 300 proceeds to opera-
tion 308, in which an annealing process is performed to
convert the amorphous semiconductor material to a
polycrystalline semiconductor material to form a semicon-
ductor channel. FIG. 2D illustrates a corresponding struc-
ture.

As shown in FIG. 2D, a semiconductor channel 216 may
be formed by converting amorphous semiconductor layer
215 to a layer of polycrystalline semiconductor material. A
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thermal treatment, e.g., a “ladder annealing process” is used
for the conversion process. The ladder annealing may
include a plurality of phases, each at a respective tempera-
ture for a respective period of time. FIG. 4 illustrates method
400 used for the annealing process in operation 308, and
FIG. 5 illustrates the plurality of phases used in the anneal-
ing process, according to some implementations. In some
implementations, a suitable gas, e.g., hydrogen gas, is used
in the thermal treatment, e.g., to remove defects during the
annealing process.

Referring to FIG. 4, method 400 starts at operation 404,
in which the chamber temperature is increased to a nucle-
ation temperature of the amorphous semiconductor material
and is maintained at the nucleation temperature for a respec-
tive period of time. FIG. 5 shows a corresponding phase 504.
In some implementations, the chamber temperature is
increased, e.g., from the deposition temperature of the
amorphous semiconductor material to a nucleation tempera-
ture T1 of the amorphous semiconductor material in phase
504. For example, the amorphous semiconductor material
may include amorphous silicon, and nucleation temperature
T1 is around 600 degrees Celsius. In some implementations,
nucleation temperature T1 of a specific material includes a
range with a lower end and a higher end, and a specific value
is chosen from the range to be used as the nucleation
temperature in this operation. The chamber temperature may
be maintained at nucleation temperature T1 in phase 504 for
a suitable period of time, allowing the nuclei to form and
stabilize. In some implementations, for amorphous silicon, a
time period t1 of phase 504 may be a few hours, such as 2-3
hours.

Method 400 proceeds to operation 406, in which the
chamber temperature is increased to a growth temperature
T2 of the polycrystalline semiconductor material and is
maintained at growth temperature T2 for a respective period
of'time. FIG. 5 shows a corresponding phase 506 taken place
after phase 504. In some implementations, the chamber
temperature is increased, e.g., from nucleation temperature
T1 to growth temperature T2 of polycrystalline semicon-
ductor material in phase 506. In some implementations, a
higher growth temperature can result in a higher growth
speed of the nuclei. Growth temperature T2 may represent a
suitable one, e.g., a low end, of the plurality of growth
temperatures at which free particles (e.g., atoms) start to
adsorb onto the nuclei and propagate the crystalline structure
outwards from the nucleating sites. In some implementa-
tions, a relatively low growth temperature is chosen for
phase 504 to facilitate a slow growth rate and more uniform
film and desirable quality. The chamber temperature may be
maintained at growth temperature T2 in phase 506 for a
suitable period of time, allowing the nuclei of polysilicon to
grow. In some implementations, the polycrystalline semi-
conductor material includes polysilicon, and growth tem-
perature T2 can range from 600 degree Celsius to 750 degree
Celsius (e.g., 600, 630, 650, 680, 700, 730, 750 degrees
Celsius). In some implementations, T2 is chosen to be 650
degrees Celsius. In some implementations, for polysilicon, a
time period t2 of phase 506 may be a few hours, such as 2-3
hours.

In wvarious implementations, the thermal treatment
includes at least phase 504 and phase 506, in which the
chamber conditions for the nucleation and growth are set to
be separate, minimizing the interference between nucleation
and growth during the crystallization process. Each of the
nucleation and growth can be optimized at respective tem-
perature(s). The grain size of the polycrystalline semicon-
ductor material can be increased. In some implementations,
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additional phases can be added to the thermal treatment to
further optimize the structure of the polycrystalline semi-
conductor material. Optionally, as shown in FIG. 4, method
400 includes operation 402, in which the chamber tempera-
ture is increased to a temperature lower than the nucleation
temperature of the amorphous semiconductor material and is
maintained for a respective period of time.

As shown in FIG. 5, a phase 502 is added prior to phase
504. In some implementations, the chamber temperature is
increased, e.g., from the deposition temperature of the
amorphous semiconductor material to a temperature TO
lower than nucleation temperature T1, and is maintained at
TO for a respective period of time. TO may be slightly lower
than nucleation temperature T1. In some implementations,
TO is below any nucleation temperature of the amorphous
semiconductor material. In some other implementations, TO
is another nucleation temperature of the amorphous semi-
conductor material lower than T1. In some implementations,
the critical condition for nucleation can occur between TO
and T1. For example, a difference between T1 and TO can be
between 3% to 3.5% of nucleation temperature T1. In some
implementations, for amorphous silicon, nucleation tem-
perature is 600 degrees Celsius, and TO is 580 degrees
Celsius. In some implementations, both TO and T1 are
included in the range of the nucleation temperature of the
amorphous semiconductor material. For example, amor-
phous silicon can nucleate at any temperature between 580
degrees Celsius and 600 degrees Celsius. The selection of
more than one phase at the nucleation temperature and/or
slightly lower than the nucleation temperature can optimize
the nucleation condition for the amorphous semiconductor
material, allowing nuclei to form and stabilize more effi-
ciently. In some implementations, the chamber temperature
is maintained at temperature TO in phase 502 for a suitable
period of time, allowing the nuclei to start to form. In some
implementations, for polysilicon, a time period t0 of phase
502 may be a few hours, such as 2-3 hours.

Optionally, as shown in FIG. 4, method 400 proceeds to
operation 408, in which another phase may be added after
phase 506, and the chamber temperature can be increased to
another growth temperature and is maintained for a respec-
tive period of time in the phase. The other growth tempera-
ture can be higher than T2. For example, the chamber
temperature can be increased from growth temperature T2 to
another growth temperature T3, and is maintained at T3 for
a respective period of time. For example, for polysilicon, T3
can be any suitable temperature between 650 degrees Cel-
sius to 750 degrees Celsius, e.g., 680, 700, 730, 750 degrees
Celsius. In some implementations, for polysilicon, a time
period t3 of the phase may be a few hours, such as 2-3 hours.
In some implementations, the phase is at a relatively high
growth temperature, e.g., 750 degrees Celsius, increasing
the growth rate of the nuclei. In some implementations, a
lower growth temperature (e.g., T2) can be omitted, and the
chamber temperature can be increased to a relatively high
temperature, e.g., 750 degrees Celsius immediately from
nucleation temperature T1. It should be noted that the
numbers of phases at/around the nucleation and growth
should be determined based on the film quality and crystal-
line properties of the polycrystalline semiconductor material
and should not be limited by the implementations of the
present disclosure. Although not shown in the figures, in
some implementations, more than one phase at higher
growth temperatures can be added after phase 506, and/or
more than one phase at temperatures lower than nucleation
temperature T1 can be added prior to phase 504.
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In some implementations, the total thermal energy pro-
vided in all the phases may be sufficient for the amorphous
semiconductor material to convert to the polycrystalline
semiconductor material. The total thermal energy can be
proportionally associated with the chamber temperature and
the lengths of the time periods. Thus, the total time of the
thermal treatment can be adjusted based on the chamber
temperatures and the lengths of the phases. In some imple-
mentations, the total time of the thermal treatment is shorter
than that of the current fabrication process. After the thermal
treatment, the amorphous semiconductor material (e.g.,
amorphous silicon) may be converted to the polycrystalline
semiconductor material (e.g., polysilicon), and a semicon-
ductor channel 216 may be formed.

In some implementations, more than one layers of
polycrystalline semiconductor material can be formed in
semiconductor channel 216. For example, after the layer of
polycrystalline semiconductor material (e.g., an outer layer)
is formed in operation 308, a second layer of the amorphous
semiconductor material can be deposited over the layer of
polycrystalline semiconductor material. A second thermal
treatment, e.g., a second annealing process, may be per-
formed on the second layer of amorphous semiconductor
material using method 400, to form a second layer of
polycrystalline semiconductor material (e.g., an inner layer).
In some embodiments, when the second layer of the amor-
phous semiconductor material is undergoing the second
thermal treatment, the layer of polycrystalline semiconduc-
tor material also undergoes the second thermal treatment.
The second thermal treatment may further increase the grain
size of the layer of polycrystalline semiconductor material.
In some implementations, the layer of polycrystalline semi-
conductor material has a greater grain size than the second
layer of polycrystalline semiconductor material.

Referring back to FIG. 3, method 300 proceeds to opera-
tion 310, in which a memory string is formed in the channel
hole. FIG. 2D illustrates a corresponding structure. As
shown in FIG. 2D, after the thermal treatment, a NAND
memory string 210 is formed in opening 224. NAND
memory string 210 extends vertically through stack structure
204 above substrate 202 and may include a channel structure
214 extending vertically through stack structure 204. Chan-
nel structure 214 may include a semiconductor channel 216,
a memory film 218, a capping layer 220, and a channel plug
222. Capping layer 220 may be deposited over semiconduc-
tor channel 216 to fully or partially fill the space in opening
224. Channel plug 222 may then be formed in the upper
portion of NAND memory string 210. Semiconductor chan-
nel 216 may be in contact with channel plug 222 and
semiconductor plug 212 in a lower portion of NAND
memory string 210. Channel structure 214 may have a
cylinder shape (e.g., a pillar shape). In some implementa-
tions, the formation of capping layer 220 includes CVD,
PVD, and/or ALD. In some implementations, the formation
of channel plug 222 includes CVD, PVD, ALD, electroplate,
and/or bonding.

It is understood that, in FIGS. 2A-2D, stack structure 204
including first stack layer 208 and second stack layer 206 is
used as examples to explain the present disclosure, and first
stack layer 208 and second stack layer 206 may have
different structure or operation according to different process
procedure. In some implementations, stack structure 204 is
a dielectric stack, each first stack layer 208 is a first dielectric
layer, and each second stack layer 206 is a second dielectric
layer different from the first dielectric layer (a.k.a. sacrificial
layer). The sacrificial layers could be removed and be
replaced with conductive layers (e.g., W, Al, Co, Cu) in the
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consequential processes to form the gate layers (word lines
of the 3D NAND memory device). In some implementa-
tions, each first stack layer 208 is a dielectric layer, and each
second stack layer 206 is a conductive layer (e.g., polysili-
con). The conductive layers could be the gate layers of the
3D NAND memory device, and the gate replacement pro-
cess is not required.

FIG. 6A illustrates an electron microscope image showing
a cross-section of a semiconductor channel in an exemplary
3D semiconductor device after the thermal treatment,
according to some aspects of the present disclosure. FIG. 6B
illustrates an electron microscope image showing a cross-
section of a semiconductor channel in a 3D semiconductor
device after a current annealing process, in which the
annealing process is performed at a single temperature
higher than the nucleation temperature of the amorphous
semiconductor material. The semiconductor channel may
include undoped polysilicon, formed by methods 300 and
400, as described. As shown in FIGS. 6A and 6B, the
thermal treatment can form undoped polysilicon with
increased grain size, which facilitates higher carrier mobility
and higher device speed.

FIG. 7 illustrates an exemplary semiconductor manufac-
turing device 700, according to some aspects of the present
disclosure. Semiconductor manufacturing device 700
includes a reaction chamber 702, a substrate holder 706
located in reaction chamber 702 to hold a substrate 704, a
heater 708 in reaction chamber 702 to control a process
temperature, a gas source connected to reaction chamber 702
through a gasline 710, and the gas source includes at least
hydrogen gas. In some implementations, reaction chamber
702 and the gas source are configured to perform a thermal
treatment on substrate 704 to convert the amorphous semi-
conductor material to polycrystalline semiconductor mate-
rial.

In some implementations, a layer of undoped amorphous
silicon is formed in a memory device on substrate 704. By
performing the thermal treatment by semiconductor manu-
facturing device 700, the layer of undoped amorphous
silicon can be converted to a layer of undoped polysilicon
with a grain size ranges from 100 nm to 600 nm.

In some implementations, heater 708 may control the
process temperature of the thermal treatment. In some
implementations, the annealing/chamber temperature may
be controlled between 550 degrees Celsius to 800 degrees
Celsius.

In some implementations, semiconductor manufacturing
device 700 may include an evacuation unit 712 to maintain
the process pressure in reaction chamber 702. In some
implementations, evacuation unit 712 may be a vacuum
pump including a pressure control valve. The hydrogen gas
is supplied to reaction chamber 702 to react with the
residuals. In some implementations, the hydrogen gas pres-
sure may be a few milli Torrs. In some implementations, the
thermal treatment includes a plurality of phases, and the time
period for each phase may range from 30 minutes to a
plurality of hours (e.g., 2-3 hours).

When the annealing temperatures and the hydrogen gas
pressure are controlled in the chamber, the amorphous
semiconductor material can undergo a nucleation process to
form nuclei, and the nuclei can grow to form polysilicon.
Because the nucleation and growth are conducted at respec-
tive, e.g., optimized temperatures, the crystallization can be
more efficient.

It should be noted that the provided methods can also be
used in other suitable scenarios, in which amorphous mate-
rials are converted to form polycrystalline materials using
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the provided thermal treatment, e.g., a ladder annealing
process that separates the chamber conditions for nucleation
and growth. Specifically, the thermal treatment can be
obtained by first providing the chamber condition (e.g.,
temperature and time) for nucleation and then providing the
chamber condition (e.g., temperature and time) for the nuclei
to grow. To increase the growth rate, one or more higher
growth temperatures can be used, while to improve the film
quality, a lower growth temperature can be provided and a
higher growth temperature can follow. The specific appli-
cation of the methods of the present disclosure should not be
limited by the implementations of the present disclosure.

According to one aspect of the present disclosure, a
memory device includes a memory stack having interleaved
a plurality of conductive layers and a plurality of insulating
layers on a substrate, and a channel structure extending
vertically in the memory stack. The channel structure
includes a semiconductor channel extending vertically in the
memory stack and conductively connected to a source
structure. The semiconductor channel includes polysilicon,
and a grain size of the polysilicon ranges from 100 nm to 600
nm.

In some implementations, the semiconductor channel
includes an inner layer and an outer layer over the inner
layer. The outer layer is further away from a center of the
semiconductor channel. A first grain size of the inner layer
is smaller than a second grain size of the outer layer.

In some implementations, the polysilicon includes
undoped polysilicon.

In some implementations, the channel structure further
includes a memory film that includes a blocking layer, a
tunneling layer, and a storage layer. The blocking layer, the
storage layer, the tunneling layer, and the semiconductor
channel are arranged inwardly from an inner surface of the
channel structure to a center of the channel structure.

In some implementations, the semiconductor channel is
conductively connected to a semiconductor portion at a
bottom of the channel structure, the semiconductor portion
being conductively connected to the source structure.

In some implementations, the plurality of conductive
layers include at least one of tungsten, cobalt, copper,
aluminum, silicides, or polysilicon. In some implementa-
tions, the insulating layers include at least one of silicon
oxide, silicon nitride, or silicon oxynitride.

According to another aspect of the present disclosure, a
method for forming a channel structure in a memory device
includes forming a stack structure having interleaved a
plurality of first stack layers and a plurality of second stack
layers over a substrate, forming a channel hole extending
vertically in the stack structure, and depositing a semicon-
ductor material layer over an inner surface of the channel
hole. The semiconductor material layer includes an amor-
phous material. The method further includes converting the
semiconductor material layer to a semiconductor layer. The
semiconductor layer has a polycrystalline material. A con-
version process includes a plurality of phases, and the phases
include a first phase performed at a nucleation temperature
of the amorphous material for a first period of time, and a
second phase performed at a growth temperature of the
polycrystalline material for a second period of time, the first
and second periods of time each being greater than zero.

In some implementations, the growth temperature is
higher than the nucleation temperature.

In some implementations, the first phase includes a first
period performed at a first temperature lower than the
nucleation temperature of the amorphous material, and a
second period performed at the nucleation temperature of
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the amorphous material. A difference between the first
temperature and the nucleation temperature is between 3%
and 3.5% of the nucleation temperature.

In some implementations, the first phase includes a first
period performed at the nucleation temperature of the amor-
phous material, and a second period performed at a second
temperature higher than the nucleation temperature of the
amorphous material. A difference between the second tem-
perature and the nucleation temperature is between 3% and
3.5% of the nucleation temperature.

In some implementations, the amorphous material
includes undoped amorphous silicon, and the polycrystalline
material includes undoped polysilicon.

In some implementations, the growth temperature is equal
to or lower than 750 degrees Celsius.

In some implementations, the undoped amorphous silicon
is deposited at a temperature lower than the nucleation
temperature.

In some implementations, the conversion process includes
an annealing process.

In some implementations, the annealing process is per-
formed in hydrogen gas.

In some implementations, the method further includes
depositing a second semiconductor material layer over the
semiconductor layer, the second semiconductor material
layer including the amorphous material. The method may
also include converting the second semiconductor material
layer to a second semiconductor layer. The second semicon-
ductor layer includes the polycrystalline material. A second
conversion process includes a second annealing process on
the semiconductor layer and the second semiconductor
material layer.

In some implementations, the second annealing process
includes a first phase performed at the nucleation tempera-
ture of the amorphous material for the first period of time,
and a second phase performed at the growth temperature of
the polycrystalline material for the second period of time.
The first and second periods of time are each greater than
Zero.

In some implementations, the method further includes
depositing a memory film between the inner surface of the
channel hole and the semiconductor material layer. The
memory film includes a blocking layer on the inner surface,
a storage layer on the blocking layer, and a tunneling layer
on the storage layer.

According to another aspect of the present disclosure, a
method for forming polycrystalline layer in a semiconductor
device includes depositing an amorphous material on a
surface, and converting the amorphous material to a
polycrystalline material. A conversion process includes a
plurality of phases, and the phases include a first phase
performed at a nucleation temperature of the amorphous
material for a first period of time, and a second phase
performed at a growth temperature of the polycrystalline
material for a second period of time, the first and second
periods of time each being greater than zero.

In some implementations, the growth temperature is
higher than the nucleation temperature.

In some implementations, the first phase includes a first
period performed at a first temperature lower than the
nucleation temperature of the amorphous material, and a
second period performed at the nucleation temperature of
the amorphous material. A difference between the first
temperature and the nucleation temperature is between 3%
and 3.5% of the nucleation temperature.

In some implementations, the first phase includes a first
period performed at the nucleation temperature of the amor-
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phous material, and a second period performed at a second
temperature higher than the nucleation temperature of the
amorphous material. A difference between the second tem-
perature and the nucleation temperature is between 3% and
3.5% of the nucleation temperature.

In some implementations, the amorphous material
includes at least one of an amorphous semiconductor mate-
rial or a metal, and the polycrystalline material includes at
least one of a crystallized semiconductor material or a metal.

In some implementations, the method further includes
depositing another layer of the amorphous material on the
polycrystalline material, and converting the other layer of
the amorphous material to another layer of the polycrystal-
line material. A second conversion process includes the
plurality of phases. The phases include the first phase
performed at the nucleation temperature of the amorphous
material for the first period of time, and the second phase
performed at the growth temperature of the polycrystalline
material for the second period of time. The first and second
periods of time are each greater than zero.

According to another aspect of the present disclosure, a
semiconductor manufacturing device includes a reaction
chamber, a substrate holder located in the reaction chamber
to hold a substrate, and a heater in the reaction chamber to
control a plurality of process temperatures. The semicon-
ductor manufacturing device also includes a gas source
connected to the reaction chamber through a gasline, and the
gas source has at least hydrogen gas. The reaction chamber
and the heater are configured to perform a thermal treatment
on the substrate to convert an amorphous material to a
polycrystalline material. The plurality of process tempera-
tures include a first temperature at a nucleation temperature
of the amorphous material and a second temperature at a
growth temperature of the polycrystalline material.

In some implementations, the growth temperature is
higher than the nucleation temperature.

In some implementations, the plurality of process tem-
peratures range from 560 degrees Celsius to 800 degrees
Celsius.

In some implementations, the heater is configured to
maintain the plurality of process temperatures each for a
respective period of time.

The foregoing description of the specific implementations
can be readily modified and/or adapted for various applica-
tions. Therefore, such adaptations and modifications are
intended to be within the meaning and range of equivalents
of the disclosed implementations, based on the teaching and
guidance presented herein.

The breadth and scope of the present disclosure should
not be limited by any of the above-described exemplary
implementations, but should be defined only in accordance
with the following claims and their equivalents.

What is claimed is:
1. A method for forming a channel structure in a memory
device, comprising:

forming a stack structure comprising interleaved a plu-
rality of first stack layers and a plurality of second stack
layers over a substrate;

forming a channel hole extending vertically in the stack
structure;

depositing a semiconductor material layer over an inner
surface of the channel hole, the semiconductor material
layer comprising an amorphous material; and

converting the semiconductor material layer to a semi-
conductor layer, the semiconductor layer comprising a
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polycrystalline material, wherein a conversion process

comprises a plurality of phases, and the phases com-

prise:

a first phase performed at a first nucleation temperature
of the amorphous material for a first period of time,

a second phase performed at a growth temperature of
the polycrystalline material for a second period of
time, the first and second periods of time each being
greater than zero, the growth temperature being
higher than the first nucleation temperature, and

a third phase before the first phase and performed at a
second nucleation temperature lower than the first
nucleation temperature.

2. The method of claim 1, wherein:

the growth temperature is higher than the first nucleation
temperature and the second nucleation temperature;
and

the first nucleation temperature and the second nucleation
temperature are included in a range of 580 degrees
Celsius and 600 degrees Celsius.

3. The method of claim 1, wherein a difference between
the first nucleation temperature and the second nucleation
temperature being between 3% and 3.5% of the first nucle-
ation temperature.

4. The method of claim 1, wherein the third phase
performed at the second nucleation temperature lower than
the growth temperature of the polycrystalline material, a
difference between the second nucleation temperature and
the first nucleation temperature being between 3% and 3.5%
of the first nucleation temperature.

5. The method of claim 1, wherein the amorphous mate-
rial comprises undoped amorphous silicon, and the
polycrystalline material comprises undoped polysilicon.

6. The method of claim 5, wherein the growth temperature
is equal to or lower than 750 degrees Celsius.

7. The method of claim 5, wherein the undoped amor-
phous silicon is deposited at a temperature lower than the
first nucleation temperature.

8. The method of claim 1, wherein the conversion process
comprises an annealing process.

9. The method of claim 8, wherein the annealing process
is performed in hydrogen gas.

10. The method of claim 1, further comprising:

depositing a second semiconductor material layer over the
semiconductor layer, the second semiconductor mate-
rial layer comprising the amorphous material; and

converting the second semiconductor material layer to a
second semiconductor layer, the second semiconductor
layer comprising the polycrystalline material, wherein
a second conversion process comprises a second
annealing process on the semiconductor layer and the
second semiconductor material layer.

11. The method of claim 10, wherein the second annealing

process comprises:

a first phase performed at the first nucleation temperature
of the amorphous material for the first period of time,
and

a second phase performed at the growth temperature of
the polycrystalline material for the second period of
time, the first and second periods of time each being
greater than zero.
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12. The method of claim 1, further comprising depositing
a memory film between the inner surface of the channel hole
and the semiconductor material layer, wherein the memory
film comprises a blocking layer on the inner surface, a
storage layer on the blocking layer, and a tunneling layer on
the storage layer.

13. The method of claim 1, wherein the second nucleation
temperature is between 580 degrees Celsius and 600 degrees
Celsius.

14. The method of claim 13, wherein the first nucleation
temperature is approximately 600 degrees Celsius.

15. The method of claim 1, wherein the growth tempera-
ture is between 600 degrees Celsius and 750 degrees Cel-
sius.

16. The method of claim 1, wherein:

the growth temperature is a first growth temperature; and

the phases comprise a fourth phase after the second phase

and performed at a second growth temperature, the
second growth temperature being higher than the first
growth temperature.

17. The method of claim 16, wherein the second growth
temperature is between 650 degrees Celsius and 750 degrees
Celsius.

18. A method for forming a channel structure in a memory
device, comprising:

forming a stack structure comprising interleaved a plu-

rality of first stack layers and a plurality of second stack
layers;

forming a channel hole extending through the stack

structure;

depositing a semiconductor material layer over sidewalls

of the channel hole, the semiconductor material layer
comprising an amorphous material; and

converting the semiconductor material layer to a semi-

conductor layer in a conversion process, the semicon-

ductor layer comprising a polycrystalline material,

wherein:

the conversion process comprises a plurality of phases;

the phases comprise a first nucleation phase, a second
nucleation phase, and a plurality of growth phases
performed in this order; and

temperatures at which the first nucleation phase, the
second nucleation phase, and the plurality of growth
phases are performed sequentially increase.

19. The method of claim 18, wherein:

the first nucleation phase is performed at a first nucleation

temperature;

the second nucleation phase is performed at a second

nucleation temperature; and

a difference between the second nucleation temperature

and the first nucleation temperature being between 3%
and 3.5% of the second nucleation temperature.

20. The method of claim 19, wherein:

the plurality of growth phases comprise a first growth

phase performed at a first growth temperature and a
second growth phase performed at a second growth
temperature; and

the first growth temperature is between 600 degrees

Celsius and 750 degrees Celsius.
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